A study was made oonoerning the effeots of mixed populations of Pseudomonas aeruginosa and Desulfovibrio desulfurioans on the sensitivities of the individual species to three groups of inhibitors. It was found that the presenoe of Ps. aeruginosa produced in some cases an increase in resistanoe of D. desulfuricans to substituted phenols, a consistent increase in resistanoe of D. desulfuricans to nitroparaffins, and had no marked effect on their sensitivity to mercurials.
I. INTRODUCTION
Numerous papers have been published concerning inhibitors that may be used to control microbial growth under different conditions. The common practice in an investigation of this type is to use a pure culture of the organism involved in the problem even though it is invariably accompanied by other species in nature. Observations in this Laboratory indicate that the concentrations of antibacterial agents sufficient to inhibit pure cultures are often different from those necessary to inhibit mixtures of the same species.
. The objective of this investigation was to determine the sensitivities of mixed populations of Pseudomonas aeruginosa and Desulfovibrio desulfuricans to various antimicrobial agents. These organisms are commonly found together in several different types of deterioration problems and it was anticipated that the results might have some practical value in controlling these problems.
II. MATERIALS AND METHODS
Pure cultures of Ps. aeruginosa and D. desulfuricans were grown in M-lO-E medium (Morita and ZoBell1955) buffered to pH 7·0 with phosphate buffer. The Ps. aeruginosa inocula were incubated at 30°C for 24 hr and the cultures of D. desulfuricans were incubated at the same temperature for 4 days. Sufficient cultures were prepared to inoculate all tubes in each experiment from the same suspension and the inocula were shaken vigorously before they were used to assure uniform suspensions.
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The inhibitors were added to three sets of duplicate screw-cap test tubes in concentrations ranging upwards from 50 p.p.m. in integrals of 50 p.p.m. Two sets of tubes were made up to 19 ml with M-lO-E medium (pH 7 '0) and autoclaved for 15 min at 15 lbjsq. in. pressure. One set was inoculated with 1 ml of Ps. aeruginosa and the other with 1 ml of D. desulfuricans. The third set was made up to 18 ml with M-10-E medium, autoclaved, and inoculated with 1 ml of each culture.
The tubes were incubated at 30°C for 2 days and at the end of this period, 0·5 ml of the medium in each tube was inoculated into 5 ml of fluid thioglycollate medium (Difco); these subcultures were incubated for 48 hr at 30°C. This procedure was necessary to determine the end-points for growth of Ps. aeruginosa. The endpoints for growth of D. desulfuricans were determined by the production of hydrogen and iron sulphides. Several of the experiments were repeated to determine the reliability of the results.
When dead cells were used the procedure was the same as described above except that the cultures were autoclaved before they were used.
III. RESULTS
An evaluation of the inhibitory activity of phenols against pure and mixed cultures of Ps. aeruginosa and D. desulfuricans was made (Table 1) and it was found that smaller amounts of the compounds were required to inhibit the mixtures than the pure cultures of Ps. aeruginosa. In the presence of the sulphate-reducing bacteria, the sensitivity of the pseudomonads increased 30 per cent. using 4-chloro-2-nitrophenol,28 per cent. using 2,4,6-trichlorophenol, 25 per cent. using 2,4-dinitrophenol, and 17 per cent. using o-phenylphenol. The 5 per cent. increase in sensitivity using p-nitrophenol was not significant. D. desulfuricans was more resistant to 2,4,6-trichlorophenol, p-nitrophenol, and 4-chloro-2-nitrophenol in the presence of the pseudomonads. The sensitivities of the sulphate-reducing bacteria to o-phenylphenol and 2,4-dinitrophenol were not affected in the presence of the pseudomonads. Table 2 lists the results obtained when pure and mixed cultures were studied for their sensitivity to mercurials. The presence of Ps. aeruginosa did not have a significant effect on the sensitivity of D. desulfuricans to mercurials; however, the presence of sulphate-reducing bacteria resulted in a considerable increase in the concentrations necessary to inhibit Ps. aeruginosa. The increase ranged from sixfold in the case of ethylmercurithiosalicylic acid to I5-fold with phenylmercuric lactate.
A selected group of the new nitroparaffin inhibitors were studied and the results may be found in Table 3 . The pseudomonads showed an increased resistance of 50 per cent. with 2-nitro-I-butanol, 40 per cent. with 2-nitro-2-ethyl-I,3-propanediol dipropionate, and 33 per cent. with 2-bromo-2-nitropropyl acetate in the presence of sulphate-reducing bacteria. The differences were not significant when 2-nitro-2methyl-I-propanol, 2-nitro-2-ethyl-I,3-propanediol, and tris(hydroxymethyl)nitromethane were used.
The presence of pseudomonads increased the resistance of the sulphate-reducing bacteria to all of the nitroparaffins_ The greatest increase noted was a fivefold effect with tris(hydroxymethyl)nitromethane. Table 4 lists the results when dead cells were used in the mixtures. The presence of dead sulphate-reducing bacteria caused a fivefold increase in the resistance of pseudomonads to phenylmercuric lactate; however, the effect was not as pronounced as the 15-fold increase observed with living cells. It may be observed that living and dead pseudomonads increased the sensitivity of sulphate-reducing bacteria to the mercurial. The sensitivities of Ps. aeruginosa and D. desulfuricans were not affected by the presence of dead cells of either species when 2,4,6-trichlorophenol was used. The resistance of pseudomonads to 2-nitro-2-ethyl-l,3-propanediol dipropionate increased 30 per cent. with dead cells as compared with 40 per cent. with live cells. The presence of dead pseudomonads had no effect on the sensitivity of the sulphate-reducing bacteria to the inhibitor. Table 5 lists the effects of the addition of varying quantities of dead D. desulfuricans cells upon the sensitivity of pseudomonads to phenylmercuric lactate.
It may be observed that as the quantity of dead cells increased the resistance of Ps. aeruginosa to the mercurial also increased.
IV. DISCUSSION
The effect of mixed populations of bacteria on the sensitivity of an individual species to an inhibitor is undoubtedly an important factor in the effective control of microbial growth. This fact seems to have been ignored as only one paper pertaining to this phenomenon has been found in the literature. Russell (1955) observed that in certain instances deterioration of ground wood pulp could not be prevented by concentrations of phenylmercuric acetate that were normally inhibitory for the organisms causing the problem. He found that Penicillium roque forti present in mercury-treated pulp was able to absorb relatively large quantities of mercury The results of the present investigation show that mixed populations of microorganisms may have a significant effect upon the sensitivities of the individual species to inhibitors.
The effectiveness of an inhibitor is partly dependent upon the number of cells in the environment and in the present study twice as many cells were used in the mixture as in the pure cultures. Smyth (1934) found that doubling or halving the concentration of Staphylococcus aureus cells in the inoculum produced a 17 per cent. difference in the results of phenol death-rate determinations. Garrod (1935) demonstrated an even greater effect with the same organism when he observed that a concentration of 5000 p.p.m. of phenol was required to inhibit a large inoculum whereas a concentration of about 80 p.p.m. inhibited a small one. The quantity of dead cells is also important in determining the effectiveness of inhibitors. Tezuka (1940) found that dead cells take up more phenol than living cells. In the present investigation several experiments were done using 0·5 ml of each culture in the mixture instead of 1 ml and the same general trends were encountered with minor modifications. Additional proof may be found in the experiments with 2,4,6-trichlorophenol showing that the number of cells was not the factor involved in the change in sensitivity of the individual species. The mixture of viable cells (Table 1) had a marked effect on the sensitivities of the organisms whereas the same concentration of dead cells in the mixture (Table 4 ) had no effect on the sensitivities of the two species.
Additional experiments were carried out using different sub cultivation media and this modification had no effect on the results. It appears that there is a significant difference in the sensitivities of two species to an inhibitor when they are in the same environment.
Many investigators have reported that bacteria can oxidize phenols (see Bennett 1959 for a short review of this topic) and these observations may account for the increased resistance of sulphate-reducing bacteria in the presence of pseudomonads to these inhibitors. These compounds were not completely inhibitory for Ps. aeruginosa in quantities that were effective against sulphate-reducing bacteria. It is possible that the pseudomonads reduced the environmental concentrations of the phenols by oxidation and as a result the sulphate-reducing bacteria were able to grow in the tubes initially containing higher concentrations of the inhibitors. An additional observation tha t may substantiate this 0 bserva tion is the fact that dead pseudomonads had no effect on the sensitivity of sulphate-reducing bacteria to these inhibitors.
The sensitivity of Ps. aeruginosa to phenols increased in the presence of living D. desulfuricans but not in the presence of dead cells. The presence of hydrogen sulphide in the inoculum of sulphate-reducing bacteria may have potentiated the inhibitory activities of the phenols. It is possible that the hydrogen sulphide concentrations were reduced when the cultures were autoclaved and the amounts left in the inoculum did not influence the inhibitory activities of the phenols against pseudomonads.
The results of the present investigation show that sulphate-reducing bacteria can have a profound effect on the sensitivity of pseudomonads to mercurials. Guynes and Bennett (1958) have reported that sulphate-reducing bacteria are not very sensitive to mercurials and that resistance may be due to their ability to produce hydrogen sulphide which precipitates the mercury ions. Hydrogen and iron sulphides could also protect the pseudomonads from the effects of mercurials if sulphatereducing bacteria are present in the environment. It is of interest to note that in four of the experiments the presence of sulphate-reducing bacteria increased the tolerated levels of mercurials for pseudomonads to those that were inhibitory for D. desulfuricans. Further proof that sulphides may be involved can be obtained from the studies with dead cells. The presence of dead sulphate-reducing bacteria had a significant effect on the sensitivity of pseudomonads to these inhibitors.
It is difficult to explain why the mixture had an effect on the sensitivities of Ps. aeruginosa and D. desulfuricans to the nitroparaffin derivatives. There are only two reports pertaining to the inhibitory activity of these compounds against bacteria (Urbanski 1951; Wheeler and Bennett 1956) and nothing is known regarding the manner in which they inhibit bacteria.
In the presence of 2-nitro-2-ethyl-l,3-propanediol dipropionate, the dead sulphate-reducing bacteria were about as effective as living cells in increasing the resistance of pseudomonads to this inhibitor. On the other hand, the presence of dead pseudomonads had no effect on the sensitivity of the sulphate-reducing bacteria whereas living cells produced a 50 per cent. increase in the resistance of the sulphatereducing bacteria to this inhibitor. The results indicate that there are at least two different mechanisms involved.
Sulphate-reducing bacteria may produce some extracellular product that influences the sensitivity of pseudomonads to these compounds. It has been reported that culture filtrates of Ps. aeruginosa can antagonize the action of streptomycin, dihydrostreptomycin, and neomycin (Lightbown 1950; Bergman et al. 1954) .
There is a possibility that a similar phenomenon occurred in the present investigation with sulphate-reducing bacteria.
There is another possible explanation that may be found in some observations that have been made with phenols. Gale and Taylor (1947) , Pulvertaft and Lumb (1948) , Yanagita and Suzuki (1948) , Stedman, Kravitz, and King (1957) , and Beckett, Patki, and Robinson (1958) have observed that phenols cause a leakage of intracellular components from bacteria. Bean and Walters (1955) have suggested that the release of these constituents may influence the viability of the last survivors and alter the course of the killing reaction. The nitroparaffins may have caused a leakage of materials from the sulphate-reducing bacteria that affected the sensitivity of the pseudomonads. It is inconceivable that the sulphate-reducing bacteria oxidized the nitroparaffin derivatives in this particular instance because in almost every case the concentrations were higher than those required to inhibit these organisms.
It is possible that the pseudomonads oxidized the nitroparaffins to a limited extent and thus increased the concentrations that the sulphate-reducing bacteria could survive in. This may account for the fact that dead pseudomonad cells had no effect on the sensitivity of the sulphate-reducing bacteria. On the other hand, this phenomenon may be due to production of thermolabile compounds by the pseudomonads.
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